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Abstract
Design of offshore wind turbine foundations are today based on analytical formulas, which describes the link between
a displacement, y, and the associated soil pressure, p. The formulas are empirically developed on slender piles with a
slenderness ratio L/D > 30, but foundations of today are less slender than the tested piles. The suction bucket has a
slenderness ratio of 0.5-1, thus its response is a rigid movement, where slender piles undergoes a flexible movement.
Due to the importance of precise estimations, p-y formulations for suction buckets in drained and undrained silt are
sought developed with use of finite element. In general the developed p-y formulations for the drained and undrained
silt are fairly precise. Furthermore, the same method and basic formulation of the drained silt is applied to data of the
drained sand from Østergaard et al. [2015]. The developed formulation herefore shows to be more versatile and precise
than the formulation suggested by Østergaard et al. [2015]. The developed p-y formulations are functions of the effective
vertical in-situ stress, soil stiffness, diameter of the bucket and the internal friction angle/the undrained shear strength.
1 Introduction
The empirically developed p-y curves are the analytical
design tool for offshore foundations of today, which are
recommended by the offshore design code, Det Norske
Veritas [2013]. The piles used in the conducted field
tests were small-diameter piles, which had slenderness
ratios of L/D > 30. Matlock [1970] developed the sug-
gested p-y curves for piles in clay by conducting tests in
Lake Austin, USA with use of piles with L = 12.8 m and
D = 0.32 m, while p-y curves for sand were formulated
by Cox et al. [1974], where the tests were conducted at
Mustang Island, USA with L = 21 m and D = 0.61 m
piles.
Since the p-y curves were developed from small-
diameter and slender piles, problems are introduced,
when they are used to design foundations for wind tur-
bines of today. Wind turbines gets bigger to cut the costs,
thereby the foundations are also becoming bigger, hence
the slenderness ratios are far less than piles from Matlock
[1970] and Cox et al. [1974]. Monopiles and suction
buckets are two foundations type, which are used off-
shore, and they behave significantly different from slen-
der piles, as L/D ≈ 5 and 0.5-1 respectively. As seen in
Figure 1, slender piles, such as the piles from Matlock
[1970] and Cox et al. [1974], have a flexible response,
while less slender piles, such as a monopile or suction
bucket, have a more rigid response. Therefore, the p-y
curves suggested in Det Norske Veritas [2013] are not
precise, and it is possible to cut costs by introducing p-y
curves valid for non-slender piles such as monopiles and
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suction buckets.
Thieken et al. [2015] modelled monopiles in sand using
finite element, from which the soil-structure interaction
were simulated. Hence it was possible to develop p-y
curves valid for monopiles in sand. Achmus et al. [2016]
made a similar study for clay, where the p-y curves have
not yet been developed, but are sought in a similar man-
ner as in Thieken et al. [2015].
Even though monopiles and suction buckets both are
considered non-slender piles, the slenderness ratio is sig-
nificantly different. Thus, it would be favourable to de-
velop p-y curves for suction buckets using finite element
as well. Østergaard et al. [2015] studied suction buck-
ets in drained sand with use of finite element, and devel-
oped a p-y formulation, which estimates the soil pressure
fairly well.
In continuation of Østergaard et al. [2015], this article
will develop p-y curves for suction buckets in drained
and undrained silt using finite element by modelling
a number of numerical models to simulate the soil-
structure interaction. The formulation has to be sim-
ple and practically applicable without comprising on the
precision. As it is in continuation of Østergaard et al.
[2015], the formulation are sought to be similar in many
senses. However, some elements of the formulation will
be different, as Vahdatirad et al. [2016] used the formu-
lation by Østergaard et al. [2015] in an analytical calcu-
lation, which were compared to data from a field test of a
suction bucket. Here it was seen, that the small-strain re-
sponse of the analytical model was softer than obtained
in field test. Vahdatirad et al. [2016] concluded, it might
be caused by the model parameters, β1−4, which control
the shape of the load-displacement response. Thus, this
article will implement the soil stiffness as a governing
parameter for the model parameters instead of the fric-
tion angle.
Since the data from Østergaard et al. [2015] is available,
and it is assumed, that the model parameters cause im-
precise predictions of the soil pressure, the p-y formula-
tion for suction buckets in drained sand will be reconsid-
ered in this article by developing a formulation similar
to the silt.
H H
Figure 1: Response of non-slender and slender pile to a horizontal
load.
2 Material Model
The numerical models will be defined with the use of the
Hardening Soil Small Strain (HSsmall) material model.
The HSsmall model is a sophisticated material model
due to its interpretation capabilities of advanced soil be-
haviour. It takes hardening into account as the stiffness
moduli are stress-dependent, thus value for each stiffness
moduli are given at a reference pressure at pre f = 100
kPa. The stiffness moduli in the HSsmall model changes
according to the current stress-state of the soil with use
of a power law with the exponent m, and they are given
in Eq. (1). Furthermore, the material model also take the
additional stiffness at small strains into account, hence
the model is capable of simulating real-life behaviour of
the soil-structure interaction relatively well.
Eoed = E
re f
oed ·
(
c · cosφ +σ ′1 · sinφ
c · cosφ + pre f · sinφ
)m
E50 = E
re f
50 ·
(
c · cosφ +σ ′3 · sinφ
c · cosφ + pre f · sinφ
)m
Eur = Ere fur ·
(
c · cosφ +σ ′3 · sinφ
c · cosφ + pre f · sinφ
)m
G0 = G
re f
0 ·
(
c · cosφ +σ ′3 · sinφ
c · cosφ + pre f · sinφ
)m
(1)
The calculation time is considered high, when using the
HSsmall model, due to its advanced interpretation capa-
bilities. Nevertheless, the material model allows to both
take hardening of the soil and the small strain stiffness
into account, which are considered utmost important to
find the link between displacement, y, and the associated
soil pressure, p. Thus the extra calculation time is well
spend.
3 Determination of Input Parameters
As both drained and undrained silt are considered in
the study, the modelling of the numerical models are
different between these two types. The drained mod-
els are simply modelled as drained, where both strength
and stiffness parameters are defined effective. On the
other hand, the stiffness parameters are effective, while
strength parameters are total for the undrained mod-
els, as they are modelled with use of Undrained (B)
as in Achmus et al. [2016], which allows to define the
undrained shear strength, cu, as an input parameter.
The input parameters for the numerical models are given
in Table 2, where two types of silts are used and denoted
as soft and stiff silt. To model the silt with the HSsmall
material model, G0 and γ0.7 have to be determined, fur-
thermore the cu for the soft and stiff silt has to be defined
as well.
3.1 Determination of Shear Modulus and Threshold
Shear Strain
G0 and γ0.7 are found with use of Det Norske Veritas
[1992], where a relation between the modulus no., m,
and the porosity, n, is given, where m is defined in inter-
vals of:
Loose: m = 40 - 60
Medium: m = 60 - 80
Dense: m > 80
With use of the above-mentioned intervals and the rela-
tion given in Figure 2, G0 and γ0.7 are obtained by Eq.
(2) from Brinkgreve et al. [2015].
Figure 2: Relation between modulus no., m, and porosity, n, [Det
Norske Veritas, 1992, Fig. 5.9, Sec. 5.3.3.8].
Gre f0 = 33 ·
(2.97− e)2
1+ e
γ0.7 =
2c’(1+ cos(2φ ′))−σ ′1(1+K0)sin(2φ)
9G0
(2)
3.2 Determination of Undrained Shear Strength
In PLAXIS it is possible to perform undrained triaxial
tests with a soil defined with effective strength and stiff-
ness parameters. Thus, the SHANSEP method is used to
determine cu.
The SHANSEP formula is given in Eq. (3), where
(cu/σ ′1)nc is the only unknown part of the equation. It
is obtained by performing consolidated undrained (CU)
triaxial tests at different values of OCR. Since the con-
solidation phase of the triaxial tests is performed with
K0-consolidation, Λ is set to 0.8, as recommended by
Jensen et al. [2015]. Results from all the triaxial tests is
shown in Table 1.(
cu
σ ′1
)
oc
=
(
cu
σ ′1
)
nc
·OCRΛ (3)
The necessary input parameters, which are needed to de-
fine the soft and stiff silt as drained and undrained HSs-
mall materials, are given in Table 2.
Table 1: Triaxial test results.
Stiff silt
OCR σ ′1,nc σ
′
3,nc cu,nc
[−] [kPa] [kPa] [kPa]
1.0 1080 497 448
1.4 1512 696 624
2.0 2160 994 885
4.0 4320 1987 1750
Average of (cu/σ ′1)nc = 0.41
Soft silt
1.0 80 42 31
1.4 112 58 43
2.0 160 83 60
4.0 320 166 120
Average of (cu/σ ′1)nc = 0.38
Table 2: Strength and stiffness parameters for the soft and stiff soil.
Silt type Soft Stiff
cu [kPa] 56 475
φ ′ [◦] 29 33
ψ [◦] 0 3
c′ [kPa] 1 15
E50 [MPa] 3.8 10.2
Eoed [MPa] 5 14
Eur [MPa] 11.4 30.6
m [-] 0.5 0.5
γ0.7 [mm/m] 0.19 0.19
ν [-] 0.29 0.26
G0 [MPa] 77.8 102.4
K0 [-] 0.52 0.46
4 Numerical Modelling
PLAXIS 3D AE is used to compute p-y curves for silt.
In total three parameters are changed; drainage type, silt
type and diameter of the bucket. The length of the bucket
is set to L/D= 1. Thereby a total of 12 numerical models
are studied, cf. Table 3.
Table 3: Model overview.
Model no. Drainage type D and L [m] Silt type
1 Drained 10 Soft
2 Drained 15 Soft
3 Drained 20 Soft
4 Drained 10 Stiff
5 Drained 15 Stiff
6 Drained 20 Stiff
7 Undrained 10 Soft
8 Undrained 15 Soft
9 Undrained 20 Soft
10 Undrained 10 Stiff
11 Undrained 15 Stiff
12 Undrained 20 Stiff
4.1 Mesh and Model Domain
Correct interpretation of the soil-structure interaction is
important, thus interfaces are defined for the bucket, as
suggested by both Wolf et al. [2013] and Brinkgreve
et al. [2015]. Extended interfaces are needed to be de-
fined for the bottom of the bucket skirt, as recommended
by Brinkgreve et al. [2015], as stress concentrations can
occur around corners.
A proximity volume, which encloses the bucket is de-
fined, as Østergaard et al. [2015] did. The volume can
be given a different mesh density than the rest of the
model, as the most intensive shearing occurs closest to
the bucket, thereby optimising the calculation time. The
mesh density is determined from a convergence analy-
sis, where it is concluded to set the overall coarseness to
medium and the refinement factor of the proximity vol-
ume to 0.16. From Figure 3 it is possible to see the sig-
nificant difference in mesh density between the proxim-
ity volume and remaining soil volume.
Figure 3: Meshed model.
The size of the model domain is determined from a
model domain analysis, as the criteria is, that stresses
cannot have a significant affect at the edges. The size
of the model domain normalised to the geometry of the
bucket is shown in Figure 4, where the size of the bucket
and extended interfaces are shown as well.
4.2 Modelling of Suction Bucket
The thickness of the bucket and Young’s modulus is set
to 0.3 m and 600.000 MPa, which is considered enough
to avoid deflection of the bucket, as only soil response is
of interest.
The foundation of a wind turbine is in reality loaded with
a horizontal and moment load, which results in rotation
of the foundation. Wolf et al. [2013] showed, that cal-
culation complexities arise due to rotation points, which
differs from load case to load case. Instead Wolf et al.
[2013] suggest the use of a total lateral loading, when
examining p-y curves, as only lateral displacements and
the associated soil pressure is of interest. Therefore, the
models will only be applied with a horizontal displace-
ment with the use of the predescribed displacement func-
tion in PLAXIS. Furthermore, only half of the bucket is
modelled due to symmetry of geometrical and load con-
ditions, thereby saving calculation time.
4.3 Calculation Phases
The numerical models have five basic calculation phases:
The first phase is the initial phase (Phase 0), where the
initial stress-state of the soil is set with a K0-procedure.
Thereafter the structure is installed in the soil (Phase
1). As the installation can cause displacements, they are
reset (Phase 3). Afterwards the bucket is displaced in
the amount of the predescribed displacement (Phase 4).
Lastly the bucket is unloaded (Phase 5). The two lat-
ter phases are repeated with increasing displacement for
each load step, until the soil fails or the maximum pre-
described displacement is reached.
4.4 Data Extraction and Integration of Stresses
The displacements, y, are extracted from the unloading
phases, as the plastic deformation is wanted. This can
directly be extracted from PLAXIS, while it is not pos-
sible to directly extract the soil pressure, p. The data is
instead given as stresses, thus they have to be integrated
over an area to obtain the soil pressure. The stresses are
extracted from the load phases.
The stresses can either be extracted from the soil ele-
ments, or the interface elements defined between the soil
and skirt. The latter is used for extraction of stresses,
as Wolf et al. [2013] analysed the precision of the differ-
ent extraction methods, where stresses from the interface
elements provided the most precise results.
When the bucket is laterally displaced, the soil moves
laterally, thus occurrence of a normal stress, σ ′N , and a
shearing stress, τ1, working around the pile, arise, cf.
Figure 5. The figure also shows the occurrence of a sec-
ond shear stress, τ2, which works vertically along the
skirt, but it is disregarded, as only the lateral soil pres-
sure is of interest. Hence, the soil pressure is calculated
by integration of σ ′N and τ1, as shown in Eq. (4).∫
A
=
(
σ
′
N sinθ + τ1 cosθ
)
dA (4)
The bucket skirt is divided into a number of horizon-
tal slices, which describes a depth layer, and vertical
slices, hence multiple areas are defined, cf. Figure 6. The
stresses within each of the areas, e.g. the black marked
area in Figure 6, are averaged and multiplied by the area.
Lastly all areas within the same layer (horizontal slice)
are summed and divided by the height of the layer to ob-
tain the soil pressure, p.
5 Formulation of p-y Curves for Silt
To develop p-y curves for silt, four steps are taken:
1. Plot of p-y curves from the numerical models,
where the data is trimmed for edge effects.
2. Normalise the soil pressure, p, and the displace-
ment, y, with the ultimate soil pressure, pu and di-
ameter of the bucket, D, respectively.
3. Fitting of FE data to a mathematical function.
4. Define a p-y formulation based on the normalisa-
tion and fitted function.
5.1 Step 1: Plot for p-y Curves
Figure 7 and 8 show the plot of the p-y curves for
Model 5 and 11 respectively. Each curve refers to a
depth, z, which is defined as the middle of each layer.
Furthermore, there is significant difference between the
drained and undrained behaviour. All the drained models
reaches a plateau in the end, while all undrained models
reaches a peak in soil pressure before it drops for fur-
ther displacement. Due to the behavioural difference,
the drained and undrained models will be processed sep-
arately.
5.2 Step 2: Normalisation of p-y Curves
The displacement is normalised to the diameter of the
bucket, D. As seen from Figure 7 and 8 the soil
pressure increases with the depth, thus the normalisa-
tion should make the curves depth-independent. It is
achieved by normalising the soil pressure to the ultimate
soil pressure, pu. As seen in Figure 9 and 10 the depth-
dependency is eliminated, as the p-y curves more or less
merge into one single curve.
5.2.1 Formulation of Ultimate Soil Pressure
An analysis of the FE data is performed to determine
a formulation for pu. As the drained and undrained silt
0.
2D
3D
D
3D
8D
3L
2L
L
1.4D
Figure 4: Overall model geometry normalised to the bucket diameter and length. Indication of line colors: black: soil contour/model domain, green:
proximity volume with refined mesh, blue: interface extension and red: suction bucket [Østergaard et al., 2015].
Direction of pile
displacement
σ   and τN 1
x
y
z x
z
y
τ2
Direction of pile
displacement
Figure 5: Displacement of pile in y- and z-direction with associating
stresses working along the skirt of the suction bucket.
are separately processed, formulation will be different as
well.
Drained Silt
From the analysis of the drained silt, a good correlation
between the values of pu and σ ′v0/(φ/D) is obtained, as
seen in Figure 11. The formulation of pu is given in Eq.
(5).
pu =
(
124 ·
σ ′v0
φ/D
+2805
)
·A (5)
Where
A =
{
0.15 for soft silt
1 for stiff silt
Undrained Silt
The approach to define the pu for the drained silt is used
for the undrained silt as well. The only difference is the
Figure 6: Principle of horizontal and vertical division of the bucket to
define integration areas [Østergaard et al., 2015].
correlation, as it is taken between pu and σ ′v0/(cu/D).
The analysis shows good correlation, hence the formula-
tion of the ultimate soil pressure for the undrained silt is
defined as in Eq. (6).
pu =
(
493 ·
σ ′v0
cu/D
+1843
)
·A (6)
where A is equal to 0.15 and 1 for soft and stiff silt re-
spectively, as for the drained silt.
5.3 Step 3: Fitting of FE data to a Mathematical Formu-
lation
The objective of the third step is to firstly define a math-
ematical formulation, which describes the normalised p-
y curve. The formulation contains model parameters,
which afterwards are iterated to fit the normalised p-y
curve as well as possible (best fit). The model parame-
ters are free to attain any value.
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Figure 7: Step 1: Plot of p-y curve for Model 5 with trimmed data.
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Figure 8: Step 1: Plot of p-y curve for Model 11 with trimmed data.
5.3.1 Fitting of Drained Silt
The mathematical formulation used to describe the
drained silt is given in Eq. (7). β1−4 are the model pa-
rameters, which are iterated to find the best fit of the nor-
malised FE data. The plot of the best fit for Model 5 is
seen in Figure 12.
p
pu
= β1 tanh
(
β2
y
D
)1/3
+β3 tanh
(
β4
y
D
)1/3
(7)
5.3.2 Fitting of Undrained Silt
Due to the behaviour of the undrained silt, the p-y for-
mulation is defined differently than for the drained silt,
as it is defined in two parts; first part is defined similar
to the drained silt, while the second part is defined as a
linearly decreasing function, cf. Figure 13. The plot of
the best fit for Model 11 is shown in Figure 14, while the
intervals and mathematical formulation are defined as:
0≤ y/D < yB = 0.0009B
yB ≤ y/D < yC = 0.002C
(8)
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Figure 9: Step 2: Normalised Model 5.
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Figure 10: Step 2: Normalised Model 11.
p
pu
( y
D
< yB
)
=β1 tanh
(
β2
y
D
)1/3
+β3 tanh
(
β4
y
D
)1/3 (9)
p
pu
( y
D
= yB
)
=β1 tanh(β2yB)
1/3
+β3 tanh(β4yB)
1/3
(10)
p
pu
( y
D
= yC
)
=0.75G
(11)
where
B =
{
0.4 for soft soil
1 for stiff soil
C =
{
0.65 for soft soil
1 for stiff soil
G =
{
0.75 for soft soil
1 for stiff soil
pu,soft = 26.4 (!'v0/(ɸ/D)) +63.6
R² = 0.974
pu,stiff = 123.9 (!'v0/(ɸ/D)) +2805
R² = 0.968
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Figure 11: Correlation between pu and σ ′v0/(φ/D) for drained silt.
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Figure 12: Step 3: Best fit of Model 5 compared to the normalised FE
data.
5.4 Step 4: Definition of New p-y Formulation
The only missing part is the formulations for the model
parameters, β1−4, as they for the best fit analysis could
attain any value. They are sought defined in relation to
the soil stiffness, as Vahdatirad et al. [2016] concluded
the imprecision in load-displacement estimations were
caused by the model parameters, which were defined in
relation to the friction angle by Østergaard et al. [2015].
5.4.1 Formulation of Model Parameters for Drained
Silt
The value of the model parameters from the best fit anal-
ysis is plotted against E50D, cf. Figure 15-18. In con-
clusion, the model parameters for the drained silt are de-
fined in Eq. (12).
β1 = 2.2 ·10−7 · (E50D)+0.52
β2 = 5.97 ·10−7 · (E50D)2−0.21E50D+1.83 ·104
β3 = 0.45
β4 = 7.81 ·1010 · (E50D)−1.55
(12)
yB yC
pu,c
pu,b
y/D
p/p
u
Figure 13: Principle division of p-y curve for undrained silt.
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Figure 14: Step 3: Best fit of Model 11 compared to the normalised FE
data.
5.4.2 Formulation of Model Parameters for
Undrained Silt
The model parameters for the undrained silt, given in Eq.
(13), are obtained in the same way as for the drained silt.
β1 = 1.91 ·10−7 · (E50D)+0.55
β2 = 1.93 ·10−7 · (E50D)2−0.07(E50D)+7970
β3 =−1.67 ·10−7 · (E50D)+0.47
β4 =−0.031(E50D)+6990
(13)
In Figure 19 and 20 the developed p-y formulation is
plotted for the drained and undrained silt for Model 5
and 11 respectively.
6 Formulation of p-y Curves for Sand
Østergaard et al. [2015] made a similar study for drained
sand. As the data is available for the study, the same
method used to define the p-y formulation for the drained
silt is applied to the sand to obtain continuity and simple
expressions regardless of soil.
6.1 Step 1-2: Plot and Normalisation of p-y Curves
As for the drained silt, the displacement, y, and soil pres-
sure, p, are normalised to the diameter of the bucket, D,
and the ultimate soil pressure, pu. In Figure 21 and 22
the plot of the p-y curve and normalised p-y curve for
β1 = 2.2E-07 (E50D ) + 0.52
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Figure 15: Step 4: Defining model parameter, β1, in relation to E50D
for drained silt.
β2 = 5.97E-07(E50D )2 - 0.21(E50D ) + 1.83E+04
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Figure 16: Step 4: Defining model parameter, β2, in relation to E50D
for drained silt.
Model 8 is shown. The use of pu for normalising p is
better, since the p-y curves are more coinciding, com-
pared to normalising with use of the Rankine pressure,
pR, as done in Østergaard et al. [2015].
6.1.1 Formulation of Ultimate Soil Pressure
The correlation between pu and σ ′v0/(φ/D) is analysed
and shows good correlation for the sand, cf. Figure 23,
from which the formulation of pu is described, cf. Eq.
(14).
pu =
(
415
σ ′v0
φ/D
+169
)
·A (14)
where A is defined as:
A =

0.4 for soft sand
0.65 for medium sand
1 for stiff sand
6.2 Step 3-4: Fitting of FE Data and Definition of New p-y
Formulation
The mathematical expression used to describe the p-y
curves for sand is given in Eq. (15), which is identical to
the one used for the drained silt.
p
pu
= β1 tanh
(
β2
y
D
)1/3
+β3 tanh
(
β4
y
D
)1/3
(15)
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Figure 17: Step 4: Defining model parameter, β3, in relation to E50D
for drained silt.
β4 = 7.81E+10(E50D)-1.55
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Figure 18: Step 4: Defining model parameter, β4, in relation to E50D
for drained silt.
The FE data is fitted, where β1−4 are free to attain any
value to fit the data the best way possible. Afterwards
the values are plotted against E50D, as they are needed
in a mathematical expression. The model parameters are
defined in Eq. (16), while Figure 24 and 25 show the
best fit and mathematical formulation compared to the
FE data.
β1 = 1.59 ·10−8 · (E50D)+0.57
β2 =−1.18 ·10.−5 · (E50D)+32.2
β3 = 3.93 ·10−8 · (E50D)+0.52
β4 =−1.31 ·10−5 · (E50D)+23.5
(16)
7 Conclusion
It has been possible to develop p-y formulations by
analysing numerical models of lateral displaced buck-
ets in drained and undrained silt. Furthermore, the de-
veloped p-y formulation for drained sand showed to be
more precise, than the formulation defined by Østergaard
et al. [2015], by using the same basic formulation as the
drained silt. The governing parameters for the soil pres-
sure for a given displacement were determined to be:
the diameter of the bucket, the vertical effective in-situ
stress, the soil stiffness and either the friction angle or the
undrained shear strength for the drained and undrained
soil respectively.
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Figure 19: Step 4: New p-y formulation plotted against the best fit and
FE data for Model 5.
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Figure 20: Step 4: New p-y formulation plotted against the best fit and
FE data for Model 11.
The soil stiffness was successfully implemented in the
formulations of the model parameters. This was an im-
portant objective, as the definition of the model param-
eters by Østergaard et al. [2015] were believed to cause
the imprecision of the soil pressure estimation in Vah-
datirad et al. [2016]. Another important outcome of the
soil stiffness implementation, was the versatility of the
developed p-y formulation, since soils can have different
soil stiffnesses for the same friction angle or undrained
shear strength, which affects the bearing capacity. These
soils are captured by the developed p-y formulations, as
the soil stiffness is a governing parameter, whereas the
formulation by Østergaard et al. [2015] cannot capture
such cases, cf. Figure 26. Thereby, the developed p-y
formulations are more versatile, and since they are rel-
ative simple and practically applicable for both the silt
and sand, it is possible to obtain fast computation of
analytical models without compromising on the preci-
sion. It is a vital combination to reduce costs and time,
hence the objective of the study is considered success-
fully achieved.
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
y [m]
0
1000
2000
3000
4000
5000
6000
7000
8000
p 
[k
N
/m
]
Model 8: D = 15, L = 7.5,  = 35 
z = 2.25
z = 2.75
z = 3.25
z = 3.75
z = 4.25
z = 4.75
z = 5.25
z = 5.75
z = 6.25
Figure 21: Step 1: Plot of p-y curve for Model 8.
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Figure 22: Step 2: Normalisation of p-y curve for Model 8.
Only a small number of models has been studied, hence
it is difficult to implement the formulation in design
codes without further evidence of their validation. To
validate the formulations, an extension of this study
should be to evaluate more numerical models in a big-
ger spectrum with other strengths of the soil and bucket
sizes. As the approach for defining p-y curves for
drained silt has shown to be useful for sand as well, an-
other interesting study would be to examine clays. If it is
possible to streamline today’s different p-y formulations
to have the same basic p-y formulations for silts, sands
and clays, it would be highly desirable for the sake of
simplicity and continuity. If possible, the formulations
for silt and sand could be used in a similar study as in
Vahdatirad et al. [2016], to compare an analytical model
to field tests conducted in similar soil conditions, as the
p-y formulations are based on.
pu,30 = 166(!v0/(ɸ/D)) - 27.6
R² = 0.992
pu,35 = 258.6(!v0/(ɸ/D)) + 307.5
R² = 0.992
pu,40 = 414.8(!v0/(ɸ/D)) + 168.9
R² = 0.989
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Figure 23: Correlation between pu and σ ′v0/(φ/D) for sand.
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Figure 24: Step 3: Best fit of Model 8 compared to the normalised FE
data.
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